Abstract. Activating transcription factor 3 (ATF3) is an adaptive-response gene of the ATF family. ATF3 activity may be induced in response to a number of different stress-associated signals and ATF3 is involved in a variety of cellular processes. However, the functions of ATF3 and its molecular networks in human hepatoma cells lines and hepatitis C virus-infected Huh7 (HCV-Huh7) cells are not well understood. In the present study, ATF3 regulatory networks in Huh7 and HCV-Huh7 cell lines were established using the linear programming-based GRNinfer software and molecule annotation system 3.0 software. The gene expression omnibus dataset, GSE20948, was analyzed. The resulting network consisted of clusters located upstream and downstream of ATF3 in Huh7 and HCV-Huh7 cell lines. Using the annotation, visualization and integrated discovery (DAVID) software, 10 activation and 2 inhibition enriched functional annotation clusters were identified downstream of ATF3 in HCV-Huh7 cells. However, there were no enriched functional annotation clusters identified upstream of ATF3 in HCV-Huh7 cells. Furthermore, no clusters were identified downstream nor upstream of ATF3 in Huh7 cells. Gene ontology term and Kyoto encyclopedia of genes and genomes pathway analyses demonstrated that ATF3 may be involved in a number of biological processes, in particular, in metabolism regulation in HCV-Huh7 cells. It is hypothesized that the ATF3 pathway may be activated in Huh7 cells following HCV infection and that it is a potential 'hub' in the network of HCV-Huh7 cells.
Introduction
Hepatitis C virus (HCV) infection affects 170 million people worldwide and as a major cause of liver disease worldwide, HCV is a potential cause of substantial morbidity and mortality in the future and therefore, a health serious health concern (1) . Approximately 80% of patients with HCV fail to clear the virus and <10% may develop severe liver diseases, such as chronic hepatitis, liver cirrhosis and hepatocarcinoma, which reduce the chance of patient survival (2) . Understanding HCV pathology and the development of novel drugs with which to treat patients with HCV is an ongoing challenge.
Microarrays and different types of high-throughput approaches, for example, high-throughput RNA-Seq and highthroughput DNA-Seq, for gene expression analysis have led to an improved understanding of the processes underlying HCV infection. These approaches are advantageous compared with traditional approaches, which are restricted to analyzing small numbers of genes (3) . Microarray technology does not require gene selection in advance, meaning that the method is less biased and is capable of identifying genes that are modified when cells are exposed to environmental changes (4) . Microarray technology aims to establish gene regulatory networks and to identify interactions among genes and their products. Carefully analyzed networks are used to identify correlated genes that are associated with the same biological processes or pathways, and to infer interactions among molecules, such as physical association, metabolite flow, regulatory associations and co-expression (5) . In the present study, GRNinfer software was used in order to establish a gene regulatory network and to identify molecular interactions, including activation and inhibition, in the activating transcription factor 3 (AFT3) signaling pathway in healthy Huh7 (Huh7) and HCV-infected (HCV-Huh7) cell lines.
Materials and methods
Microarray. The gene expression profile data GSE 20948 (http://www.ncbi.nlm.nih.gov/geo/quer y/acc. cgi?acc=GSE20948) were extracted from the public Gene Expression Omnibus database (http://www.ncbi.nlm.nih. gov/gds/). Microarray analysis was performed for 14 Huh7 GRNinfer is a novel mathematical method base on linear programming and a decomposition procedure that infers gene networks. The method ensures derivation of the most consistent network structure reducing the issues associated with data scarcity, yet improving reliability. The following equation represents all of the possible networks for the same dataset:
Where J=(J ij )mxm=∂f(x)/∂x is an nxm Jacobian matrix or connectivity matrix, X=(x(t 1 ),...,x(t m )) and all nxm matrices with binding. The activation clusters exhibiting enrichment scores 0.27-1.98 were associated with regulating cell proliferation, transcription, DNA-dependent developmental processes, gene expression, responses to stimuli of insulin, endogenous organic substances, peptide hormones, androgen receptor binding, androgen receptor signaling pathways, steroid hormone receptor binding, nuclear hormone receptor binding, intracellular signaling cascades, zinc-finger transcription factors and metal-binding. Therefore, it is hypothesized that ATF3 is inactive in Huh7 cells and is activated upon HCV infection, thereby regulating a number of cytokine functions, metabolic pathways and signal transduction. The present study identified 4 genes that were upstream of ATF3 and 33 that were downstream of ATF3 in HCV-Huh7 cells. Therefore, ATF3 may be an important regulatory factor involved in the pathological reactions of Huh7 cells undergoing the initial stages of infection with HCV. Fig. 1 demonstrates the ATF3 network construction and analysis processes.
Discussion
In order to understand the involvement of ATF3 in HCV-infected Huh7 cells, an ATF3 GO network was established for Huh7 and HCV-Huh7 cell lines. HCV infection leads to complex biological responses and, therefore, the subsequent genetic interactions in the infected cells are typically non-linear. However, gene networks may only be predicted based on linear equations, due to the limited understanding of biological processes required for more complex statistical analyses (9) (10) (11) (12) . In the present study, GRNinfer, a linear programming and decomposition software, was used in order to analyze and compare ATF3 networks in Huh7 and HCV-Huh7 cell lines. Constructed networks included upstream and downstream gene clusters of ATF3 in Huh7 and HCV-Huh7 cell lines (Fig. 2) . Furthermore, using DAVID and MAS 3.0 software, the KEGG pathways and GO terms of four gene clusters were enriched. The results of the present study demonstrated that downstream pathways of ATF3 in HCV-Huh7 cells were significantly enhanced.
The results of the present study suggested that ATF3 may be inactive in Huh7 cells and activated following HCV infection of Huh7 cells. These results are in accordance with those observed in previous studies. ATF3 expression levels were found to be low in other cell lines or tissue (13) and were shown to rise when cells were subjected to a number of different stresses, including ischemia and trauma, as well as exposure to toxic chemicals. ATF3 mRNA expression was not detected, or remained at low levels, in a number of cell types (14) . The present study demonstrated that 4 genes were upstream or downstream of ATF3 in Huh7 cells, whereas 36 genes were upstream or downstream of ATF3 in HCV-Huh7 cells. Therefore, ATF3 may be inactive in healthy Huh7 cells while it is activated in HCV-infected Huh7 cells (Fig. 2) . These observations require further investigation.
Four genes were identified upstream, while 33 genes were downstream of ATF3 in HCV-Huh7 cells. Therefore, ATF3 may be associated with HCV pathology in Huh7 cells. A previous study suggested that ATF3 may represent an immediate early responsive gene, which is predominantly activated at a transcriptional level (15) .
Extensive studies have shown that ATF3 is involved in immune regulation (16) (17) (18) (19) (20) (21) (22) (23) , endocrine regulation (24) (25) (26) (27) , tumorigenicity (28) (29) (30) (31) (32) , apoptosis, cell cycling (33-37) and inflammation (17, 34, (38) (39) (40) (41) (42) (43) . This suggests that ATF3 is associated with host defensive responses to inflammation, viruses and cancer. These processes require the interactions of certain cellular pathways, which influence disease outcomes. ATF3 is an adaptive-response gene, which is involved in a number of cellular processes, and accommodates cellular changes by transducing signals from various receptors via activating or repression of gene expression. ATF3 may also regulate host defense mechanisms (13) . According to DAVID functional annotation clustering analysis, no annotation clusters were identified downstream of ATF3 in Huh7 cells nor were there clusters identified upstream in Huh7 and HCV-Huh7 cells. However, ten activation annotation clusters were enriched downstream of ATF3 in HCV-Huh7 cells that exhibited enrichment scores from 0.27-2.93 and two inhibition annotation clusters were enriched downstream of ATF3 in HCV-Huh7 cells that exhibited enrichment scores of 0.54 and 1.47. In addition, analyses using MAS 3.0 GO and KEGG, suggested that 128 GO terms and 13 KEGG pathways are involved downstream of ATF3 in HCV-Huh7 cells and 37 GO terms and 13 KEGG pathways were inhibited. It is hypothesized that ATF3, as an adaptive-response gene, may be involved in the pathophysiological responses of Huh7 cells to HCV infection.
In addition to liver injury and hepatocellular carcinoma, HCV infection is associated with fatty degeneration of the liver, suggesting that hepatitis C is a metabolic disease (44, 45) . Considerable evidence suggests that HCV infection is associated with metabolic syndromes, which referred to constellation of problems, including insulin resistance, obesity, hypertension and hyperlipaemia. Fatty degeneration of the liver and insulin resistance may be important in HCV-induced metabolic syndrome and a molecular mechanism underlying this process is a virus-induced metabolic disorder of fat in the liver (46) . The liver is important for the control of lipogenesis, gluconeogenesis and cholesterol metabolism. A number of investigations into pathological examination have highlighted the importance of metabolic function in liver diseases. The process of lipid metabolism is important in the proliferation of HCV infection (47) .
As a cyclic AMP response element-binding protein family member, ATF3 participates in a range of cellular processes. Recent studies have shown that changes in ATF3 activity is associated with energy balance. Homeostasis imbalance may lead to organ growth failure, retardation and metabolic disorder. A loss of ATF3 in Drosophila was found to result in chronic inflammation and primary starvation responses, including lipid overloading in the fat bodies of the larval epithelium, which may lead to energy imbalance and death (48) . Kim et al (49) showed that ATF3 was involved in a cholesterol-sensing network.
In the present study, DAVID cluster analysis found that the cluster with the highest enrichment score (2.93) was downstream of ATF3 in HCV-Huh7 cells (Table II) . This suggests that ATF3 not only activates lipid metabolism, but also positively regulates fatty acid metabolic, macromolecular biosynthetic and cellular biosynthetic processes. The results of the present study showed that ATF3 may influence metabolic processes in HCV-Huh7 cells. The current study provides a novel perspective for exploring the association of ATF3 in HCV infection of Huh7 cells. However, further research is required in order to explore how ATF3 is associated with metabolic processes and the regulatory functions of ATF3.
In conclusion, an ATF3 network was constructed for Huh7 and HCV-Huh7 cell lines and gene functional annotation and enrichment cluster analyses were performed. The results of the present study suggested that ATF3 is inactive in healthy Huh7 cells and activated following HCV infection. ATF3 may contribute to the initial pathological responses to HCV infection in Huh7 cells. ATF3 may be associated with a number of processes, in particular lipid metabolism, during acute HCV infection of Huh7 cells.
